ABSTRACT Transgenic cotton varieties (Bollgard II) expressing two proteins (Cry1Ac and Cry2Ab) from Bacillus thuringiensis (Bt) have been widely adopted in Australia to control larvae of Helicoverpa. A triple-stacked Bt-transgenic cotton producing Cry1Ac, Cry2Ab, and Vip3A proteins (Genuity Bollgard III) is being developed to reduce the chance that Helicoverpa will develop resistance to the Bt proteins. Before its introduction, nontarget effects on the agro-ecosystem need to be evaluated under Þeld conditions. By using beatsheet and suction sampling methods, we compared the invertebrate communities of unsprayed non-Bt-cotton, Bollgard II, and Bollgard III in Þve experiments across three sites in Australia. We found signiÞcant differences between invertebrate communities of non-Bt and Bt (Bollgard II and Bollgard III) cotton only in experiments where lepidopteran larval abundance was high. In beatsheet samples where lepidopterans were absent (Bt crops), organisms associated with ßowers and bolls in Bt-cotton were more abundant. In suction samples, where Lepidoptera were present (i.e., in non-Bt-cotton), organisms associated with damaged plant tissue and frass were more common. Hence in our study, Bt-and non-Bt-cotton communities only differed when sufÞcient lepidopteran larvae were present to exert both direct and indirect effects on species assemblages. There was no overall signiÞcant difference between Bollgard II and III communities, despite the addition of the Vip gene in Bollgard III. Consequently, the use of Bollgard III in Australian cotton provides additional protection against the development of resistance by Helicoverpa to Bt toxins, while having no additional effect on cotton invertebrate communities.
These problems have been greatly reduced with the development and commercialization of cotton varieties containing genes to express proteins from Bacillus thuringiensis Berliner variety kurstaki. The current Btcotton varieties, known as Bollgard II (BGII), contain genes that produce two insecticidal proteins, Cry1Ac and Cry2Ab, that attach to speciÞc receptors in the gut of some lepidopterans, forming holes in the gut wall that ultimately kill the larvae.
In Australia, Helicoverpa larvae can cause signiÞcant damage in cotton Þelds. They preferentially feed on fruiting structures, causing shedding or damage that renders the fruit worthless or allows the entry of pathogens. Helicoverpa also feed on leaves and in the apical meristem (Fitt 1994) . In years when Helicoverpa spp. abundance is high and many eggs are deposited in cotton, unprotected crops may retain few, if any, fruit. Those fruit that are retained are likely to be damaged and there will be also signiÞcant leaf damage. By protecting the cotton from larval attack, Bt-cotton plants have less fruit damage and better fruit retention (http://www.genuity. com/cotton/Pages/GenuityBollgardIICotton.aspx, Hebbar et al. 2007 ), leading to more ßowers and fruit on Bt plants than unsprayed non-Bt plants. This in turn leads to higher yields than unsprayed non-Bt plants (Betz et al. 2000) , reducing the need to spray. The uptake of Boll-gard II cotton has been very high, in excess of 85% of the cotton area since at least 2009, with declines in insecticide use of a similar magnitude (Constable et al. 2011 ).
In addition, there has been little effect of Bollgard II on the nontarget invertebrate community in cotton. Worldwide there has been extensive research on the Cry proteins to assess both their potential direct toxicity to nontarget species, and their indirect toxicity to predators higher in the food chain (e.g., predators or parasites consuming herbivores, such as mites, that accumulate Bt proteins without being killed). Most studies show low or no effect of Bt proteins on nontarget organisms (Sims 1995 , Men et al. 2003 , Kannan et al. 2004 , Sisterson et al. 2004 , Tabashnik 2004 , Naranjo 2005 , Marvier et al. 2007 ). Any changes in predator survival have been caused by consuming poor-quality prey rather than from exposure to Bt toxins (Dutton et al. 2002 (Dutton et al. , 2003 . There have also been a wide range of Þeld studies to investigate nontarget effects at the community level within Bt-crops, including Bt-cotton. Again, evidence so far with Cry1Ac alone and the combination of Cry1Ac and Cry2Aa (Naranjo 2009 ) shows few consistent effects.
Studies in Australia largely reinforce these Þndings. A large-scale (up to 10 ha) Þeld experiment showed that diversity was signiÞcantly lower in sprayed conventional cotton compared with either unsprayed conventional cotton or Bt-cotton that contained only Cry1Ac or both Cry1Ac and Cry2Aa proteins (Fitt and Wilson 2002, Whitehouse et al. 2005 ). There were small but signiÞcant differences in community composition between unsprayed conventional and Bt-cotton, which accounted for 4.5% of the variability between communities. When 100 species groups were examined, higher numbers of Helicoverpa occurred in unsprayed conventional cotton, as expected, as well as slightly higher numbers of Chloropidae (frit ßies), Drosophilidae, damsel bugs, and jassids (Whitehouse et al. 2005) .
Despite the success of Bt-cotton, the cotton industry in Australia is vigilant against the development of resistance by Helicoverpa, which has been an ongoing and a challenging problem with insecticides (Fitt and Wilson 2002,Whitehouse et al. 2009 ). Bt resistance was recognized as a threat before the release of Bt technologies, spurring the industry to develop and implement a preemptive resistance management plan (Downes et al. 2010b , Whitehouse et al. 2009 ) whose deployment has been vindicated (Tabashnik et al. 2013) . However, although background frequencies of resistance alleles in H. armigera and H. punctigera to one of the proteins, Cry1Ac, are very low (Ͻ10 Ϫ6 ), baseline allele frequencies to the second protein, Cry2Ab, are at much higher levels (Ͼ10
Ϫ2
) for both species (Downes and Mahon 2012a,b) , increasing the risk that resistance could develop (Tabashnik et al. 2013) . Furthermore, there is evidence that resistance levels to Cry2Ab are increasing in at least H. punctigera (Downes et al. 2010a ).
To provide an additional level of protection against the development of resistance, Monsanto is developing cotton (ÕGenuity Bollgard IIIÕ) containing a third insecticidal protein: Vip (Vegetative Insecticidal Protein)3A. Whereas Cry1Ac and Cry2Ab proteins are produced during the sporulation phase of B. thuringiensis, Vip proteins are produced during the vegetative phase of the bacteria. Vip3A is effective against a range of lepidopteran pests, including Heliothis virescens F. (tobacco budworm) and Lymantria dispar L. (Gypsy moth; Estruch et al. 1996 , Donovan et al. 2001 . Like the other Bt toxins, Vip3A attacks midgut receptors in target species (Lee et al. 2006) , but the Vip3A protein bears no similarity to the Cry ␦-endotoxins (Yu et al. 1997) , indicating that Vip3A ion channels cannot be equated with those of the Cry proteins (Lee et al. 2003 (Lee et al. , 2006 and therefore resistance to a Cry protein would not provide cross-resistance to Vip3A protein.
Stacking Vip3A with the two Bt proteins presently deployed could help reduce resistance pressure on these proteins and increase the potential life span of the technology; however, it is unclear what affect a third gene would have on the nontarget invertebrate community. To date, there have been few studies looking at the nontarget effects of Vip toxins. One study (Whitehouse et al. 2007 ) compared a cotton variety containing only Vip3A with non-Bt-cotton and found no major differences in species richness or diversity of nontarget invertebrates between the two crops, but did Þnd 2Ð7% variance in composition of the invertebrate community. In particular, there was an increase in the number of predatory beetles and pest mirids (Creontiades dilutes (Stal)) in crops containing Vip3A, but this could have been caused by the increased retention of fruit. While Vip proteins, like Cry proteins, seem to have only a limited effect on nontarget organisms when tested separately, it is unclear whether combining Vip3A, Cry1Ac, and Cry2Ab proteins in one plant may have unexpected effects due perhaps to interactions between toxins. An interactive "synergistic" effect could potentially inßuence the nontarget invertebrate community in Bollgard III cotton. Therefore, there is a need to evaluate the extent of these risks before Bollgard III can be released into the market.
While Cry and Vip proteins could synergistically be toxic to nontarget organisms, a reduction in the number of lepidopteran larvae could also trigger changes in the abundance of nontarget organisms. The trophic level at which these changes occur could reveal underlying mechanisms shaping cotton species assemblages. For example, if the only change in the community was replacing Lepidoptera with another herbivore, then models based on neutral theory, where any organism in a community could be replaced by another species performing the same role (Hubbell 2001 (Hubbell , 2005 , would be important to this system. Alternatively, changes in parasitoids, predators, or saprophytes (all of which feed directly on Lepidoptera or their by-products) would indicate that Lepidoptera have a direct bottom-up effect on the food chain. Further, if guilds associated with plant structures usually destroyed by lepidopteran larvae (such as ßow-ers) are reduced, then Lepidoptera would exert a negative effect on community complexity, while indirectly inßuencing the community through habitat modiÞcation.
Hence we propose that differences between the communities of Bt-and non-Bt-cotton could be due to Þve factors: 1) differences in the abundance of lepidopteran larvae only; 2) the toxicity of the Bt proteins to nontarget species changing their abundance; 3) changes in abundance of herbivores in direct competition with lepidopteran larvae (e.g., neutral hypothesis); 4) changes to foraging guilds directly linked to Lepidoptera, including predators, parasitoids, and consumers of larval frass and decaying plant matter; or 5) changes in abundance of foraging guilds-associated ßowers or bolls destroyed by Helicoverpa. Identifying which factors will indicate which mechanisms drive any differences between Bt and non-Bt community composition in cotton.
Further, for Options 1, 3, 4, and 5, when comparisons are made between non-Bt-and Bt-cotton crops, we would expect that the abundance of Helicoverpa would have a strong inßuence on the magnitude of differences in species composition, richness, or diversity. The form of such a relationship between Helicoverpa abundance and differences in these parameters is difÞcult to predict. At low or no Helicoverpa abundance, we could expect little or no difference between Bt and non-Bt crops in these parameters. However, as Helicoverpa density increases, changes in community structure could be gradual or abrupt, with a change in community structure occurring only once a certain density of Helicoverpa was present.
The aim of this study was to establish whether the structure of the invertebrate communities found on Bollgard III cotton was different to that found on Bollgard II and non-Bt-cotton crops. In particular, the study focused on whether Bollgard III communities were distinct from Bollgard II communities. In addition, if differences were found, the aim was to suggest underlying mechanisms that might be driving the change.
Materials and Methods
Study Sites and Crop Management. Experimental sites were located in the eastern Australian cotton production system in 2010/11 and 2011/12 and in the Ord River Irrigation Area (ORIA) in northwest Western Australia in 2011 and 2012.
In the Þrst season (2010/11), cotton was planted in September 2010 at the Australian Cotton Research Institute (ACRI, 30Њ 11Ј S, 149Њ 33Ј E) near Narrabri, New South Wales (hereafter "Narrabri"). In the second season (2011/12), there were two experiments, one at Narrabri, which was planted in September 2011, and the other at Boggabilla, New South Wales (hereafter "Boggabilla"), which was also planted in September 2011.
In the ORIA, cotton is grown during winter and therefore planted in April rather than September. The two experiments in the ORIA were planted in April 2011 and 2012, respectively. Both experiments were located at the Frank Wise Institute of Tropical Agriculture (FWI, 15Њ 37Ј S, 128Њ 42Ј E) near Kununurra, Western Australia (hereafter "Kununurra").
Design and Management. All experiments used a Latin square design with three treatments and three replicates. In the Þrst season at Narrabri, only a small amount of Bollgard III seed was available, and this limited the size of individual plots to 35 m by 16 rows, on a 1-m bed spacing (0.056 ha). A similar plot size was used for both experiments at Kununurra, where there was limited access to land. In the second season at Narrabri and at Boggabilla, the size of individual plots was increased to 70 m by 80 rows (0.56 ha). All experiments were surrounded by a 24-m pollen trap of the variety Sicot 71BRF. Each experiment included three treatments: non-Bt-cotton (Sicot 71RRF), Bollgard II (Sicot 71BRF), and Bollgard III (a Bollgard III bulk breeding line). All varieties included the Round-Up Ready Flex trait, which allows over-the-top glyphosate applications, thereby enhancing weed management in the crop.
At all sites, weeds were controlled as per best practice recommendations and then spot sprayed with glyphosate when over-the-top control was no longer suitable. No insecticide treatments were applied during the experiments, except at Boggabilla, where an application of Pix (mepiquat chloride) and Regent (Fipronil at 12 g ai/ha) was inadvertently applied mid-season to provide farm-wide control of mirids.
Sampling. Sampling consisted of beatsheets and suction samples (described further). At Narrabri in 2010/11, arthropods were sampled from cotton plants every 2 weeks, from just before squaring (budding), for 2 mo (8 times from 8 December 2010). In 2011/12, a similar sampling strategy was intended at both Narrabri and Boggabilla. Unfortunately this was interrupted by ßooding, resulting in a large gap between two samples mid-season. At Narrabri, Þve beatsheet and six suction samples (starting from: beatsheet Ð 29 December 2011, suction sample Ð 15 December 2011) were completed, whereas at Boggabilla, Þve beatsheet and four suction samples (starting from: beatsheet Ð 19 December 2011, suction sample Ð 6 January 2011) were completed. At Kununurra visual, beatsheet, and suction samples were taken four times at 3-week intervals from 17 May in both 2011 and 2012.
Beatsheets. Beatsheets were used to sample arthropods at three randomly selected sites in each plot on each sampling occasion. Beatsheets give a more reliable density estimate for many larger species than visual or suction sampling (Deutscher et al. 2003 , Wade et al. 2006 ) and focus on pests, predators, and parasitoids relevant to the cotton industry. In addition, beatsheets show less susceptibility to variation between operators than visual or suction sampling (Deutscher et al. 2003) . At each site, a yellow plastic sheet (1.5 by 2m) was gently placed beneath the sample row and unrolled across the furrow and over the adjacent row. A stick was then used to vigorously shake 1-m row of cotton plants 10 times over the sheet, working from the base to the top of the canopy, and dislodged arthropods were identiÞed in the Þeld ac-cording to a standard classiÞcation scheme employed in Australia where key pests and beneÞcials are identiÞed to species level and other insects to order or family (Whitehouse et al. 2007 , Williams et al. 2011 .
Suction Samples. Suction samples were also collected to sample the abundance of smaller ßying insects, especially Diptera and Hymenoptera, which are poorly sampled by the beatsheet method (Whitehouse et al. 2007 ), partially because they are difÞcult to identify reliably in the Þeld. The suction samplers were modiÞed garden blower-vacs (SH56C Blower Vacs Stihl, KnoxÞeld, Australia) with a large suction tube Þtted. A tapered gauze sock was Þxed to the opening of the tube to collect insects sucked in by the machine. A 10-m section was sampled in each plot from one randomly selected row of the middle four in each plot. The opening of the suction tube was moved up and down in the crop as the operator walked along a distance of 10 m, so that one plant approximately every 25 cm (40 plants in total) was sampled from bottom to top. Rows subject to beatsheet sampling for that sample period were excluded to avoid interference. Samples were taken to the laboratory to be killed and then identiÞed and counted under a dissection microscope. Where possible, all animals were identiÞed to at least family, following current classiÞcations.
Plant Growth. To check for differences in the vigor of the varieties, plant growth was assessed at each of the three within-plot beatsheet sites on each sampling date. For each within-plot 1-m sample, the plant growth stage, the number of plants, the height and number of nodes for three individual plants in that 1-m sample were recorded.
Analysis. General statistical analyses were conducted by using GenStat 14 (Payne 2000) . Community analysis of beatsheets and suction samples was undertaken by using ordination techniques available in the program CANOCO 4.5 (Ter Braak and Simlauer 2002) . In all cases, an indirect technique (detrended correspondence analysis, DCA, where the analysis is not forced to be linked to any environmental variables preconceived to be of importance) was used to look for associations between samples and species, before the effect of treatment variables was considered. The DCA highlights similarities and differences between samples in their species composition. It assumes that species have a Gaussian or bell-shaped (rather than a linear) response to environmental variables. This is presented graphically and the spread along the Þrst ordination axis (x), which illustrates most of the differences between samples, while the second ordination axis (y) uses the residuals of the Þrst axis to further separate samples. Samples close to one another in the resulting diagrams have communities with more similar species compositions than those far apart.
In the DCA, samples were numbered chronologically. Although these numbers were not shown on the DCA diagrams for clarity (Figs. 1 and 2), they enabled identiÞcation of early and late season samples and facilitated interpretation of some of the patterns in the diagrams.
Principal response curves (PRCs) were used to compare directly the communities of the different crop types throughout each season for each experiment. The PRC is a multivariate technique derived from redundancy analysis (RDA) and is used to examine treatment effects relative to a standard, in this case non-Bt-cotton crops, by highlighting the proportion of variance attributable to treatments (in this case crop type) throughout the sampling period. To test if the PRC generated illustrated signiÞcant treatment variance, we conducted permutation tests by using the Monte Carlo method on the Þrst canonical axis of the RDA. Random permutations of whole plots were conducted to ensure all samples taken at each plot "traveled" together. Because 10 analyses were undertaken to test for an effect of crop type on communities, the alpha values for each analysis were adjusted following an improved Bonferroni procedure (Haccou and Meelis 1992) to take into account the increased risk of a type 1 error.
The role that different species played in inßuencing the PRC can be obtained by analyzing the associated species scores (generated by the RDA) in those experiments where the PRCs were signiÞcant for crop type. Species with scores between 0.5 and Ϫ0.5 have little effect on the PRC and so were not displayed on the graphs.
If the abundance of Helicoverpa spp. and other noctuids controlled by Bt-cotton is high, then this may itself increase the chance of detecting a signiÞcant difference in PRCs between non-Bt-cotton (many larvae) and Bt-cotton (few larvae). We tested the correlation between the P value for the PRC and the mean total number of lepidopteran larvae per sample date for that experiment, for beatsheet and suction samples. However, the number of sample events varied between 3 and 8, which would affect the degrees of freedom and hence the statistical power to detect a difference due to crop type. To test if this could inßuence our analysis, we Þrst evaluated the correlation between number of sample events and P value. We repeated this procedure adding data from two previous Australian studies (Whitehouse et al. 2005 and . We then regressed the P value (y) against the mean total number of larvae (x) by using a negative exponential curve of the form y ϭ ae
Ϫbx
, where a and b are estimated parameters.
In addition we expect that the abundance of lepidopteran larvae will be lower in Bt-cotton, so we tested the inßuence of lepidopteran larvae in the PRCs that showed signiÞcant effects of crop type by using a further analysis where lepidopteran data were omitted. If community divergence was correlated directly with the abundance of lepidopteran larvae per se, then we would expect that the proportion of variability explained by crop type would be lower after omission of lepidopteran larvae.
If crop type does have a signiÞcant effect on the PRC, then taxa with prominent species scores are likely to be most affected by changes in crop type. These species can be further analyzed to test if their abundance is signiÞcantly affected by crop type. To model abundances, the insect counts must meet the assumptions of normally distributed residuals; so they were square root transformed. Plots of the transformed counts of taxa versus time of sampling showed that no particular function could be adequately Þtted to all the data. Therefore, the transformed counts over time were modeled by using smoothing splines (Verbyla et al. 1999) , which use the data to determine the shape of the response. This was done within a linear mixed model by using ASREML (Gilmour et al. 1998) . Each spline curve consists of a linear component (slope and intercept terms) and a nonlinear component (spline term). The Þxed terms in the model are crop and day and their interaction. If the crop term is signiÞcant, then the spline curves for each crop type have differing intercepts, with these intercepts occurring roughly halfway through the experiment in terms of degree-days, as degree-days were scaled to have a mean of 0 and variance equal to 1.
Spline analyses were undertaken on three groups of taxa from experiments with a signiÞcant effect of crop type: 1) beatsheet samples from Boggabilla and Narrabri, 2) suction samples from Boggabilla and Narrabri, 3) Kununurra beatsheet samples. Because the beatsheet and suction communities are different, these taxa needed to be analyzed separately. Because cotton at Kununurra was grown at a different time of year to Boggabilla and Narrabri, its degree-days (a measurement of plant growth in relation to temperature) do not correspond well to those of the other two sites, so Kununurra taxa needed to be analyzed separately. Only taxa with counts Ͼ40 in a given survey were used in the spline analyses. Because so many taxa were tested, there is an increased risk of a type 1 Fig. 1 . DCAs of the Þve experiments using beatsheet sample data sets at the three sites over two seasons. In the Kununurra experiments, red shouldered leaf beetles (n ϭ 4) in 2011 and aphids (n ϭ 1) in 2012 were excluded from the analyses because they were concentrated in single samples early in the season and distorted the analysis. The lines indicate when the ßooding (Narrabri) or ßooding and a spray event (Boggabilla) took place. The circles highlight clusters of non-Bt samples.
error, so the alpha value was reduced to Ͻ0.02, with values 0.02Ð 0.05 indicating a trend.
To see if the invertebrate community on Bt-cotton was more or less diverse than that on non-Bt-cotton, we used two diversity indices: the Simpson index (Simpson 1949) and ShannonÐWeaver index (Shannon and Weaver 1949) , which are at different ends of RenyiÕs diversity order (Tothmeresz 1995) . The Simpson index we used corrects for sample-size bias (SI ϭ ⌺(n 2 Ϫ n)/(N 2 Ϫ N), where SI ϭ Simpson index, n ϭ total of individuals of that species, and N ϭ total of individuals caught). The Simpson index was also modiÞed (Ϫln SI) following Rosenzweig (1995) so that the units increased with an increase in diversity. The Simpson index is more sensitive to dominant species, whereas the ShannonÐWeaver index (H ϭ Ϫ⌺p i lnp i , where p i is the proportional abundance of species i) is more sensitive to rare species.
Results
A series of beatsheet and suction samples were collected in Þve experiments spread over three sites (Kununurra, Narrabri, and Boggabilla) and 2 yr. The total number of individual plot samples per experiment ranged from 108 to 189 (beatsheets) and 36 to 162 (suction samples). The number of invertebrates collected per beatsheet tended to be lower than that collected per suction sample (beatsheet range: 0 Ð197 animals in a 1-m beatsheet sample; suction sample range: 17Ð1100 in a 10-m suction sample). Low counts Fig. 2 . DCAs of the Þve experiments using suction sample data sets at the three sites over two seasons. In all the experiments, except Kununurra in the 2012 season, there was a clear sample date effect. At Narrabri and Boggabilla in the 2011/12 season, this was exacerbated by the ßood (and at Boggabilla, the insecticide application). Only at Boggabilla were the communities in the non-Bt samples (white circles) differentiating from the communities in the Bt samples (gray circles, Bollgard II; black circles, Bollgard III).
in beatsheet samples were more prominent at the beginning of the season (data not shown).
The size of invertebrates collected by the two sampling techniques also differed. Beatsheet samples tended to include larger invertebrates, whereas suction samples included a higher proportion of smaller invertebrates, especially Diptera and Hymenoptera. Consequently, more species groups were collected in the suction samples than were recorded from beatsheets. In total, across all beatsheet and suction samples, 80,823 individuals were recorded from 147 species groups (Table 1) .
Indirect Comparison of Species Composition. In the beatsheet communities, the DCAs indicated a clear change in the communities between early and late season, with samples spread along the x-axis ( Fig.  1) . At Kununurra, the change occurred in late June (at Ϸ800 DD) in both years. Early season samples are spread along the y-axis, indicating high variability in community composition between samples. The low number of individuals (usually Ͻ10) collected in these samples probably contributed to the high level of variance. In later samples, the number of individuals collected per sample increased and the community composition of the samples became more uniform. In the Kununurra DCAs, there was no visible evidence of differentiation between communities found in nonBt-cotton, Bollgard II, or Bollgard III (Fig. 1) .
In the Narrabri and Boggabilla beatsheet samples, there was a clear split (at Ϸ1,000 Ð1,200 DD in late January) between early and late season samples in both years ( Fig. 1) . In 2011/12, this was exacerbated by ßoods at both sites, and an application of plant growth regulator and insecticide at Boggabilla. At Narrabri in 2011/12, there was no evidence of differentiation between communities found in non-Bt-cotton, Bollgard II, or Bollgard III. At Boggabilla, and to a lesser extent in Narrabri 2010/11, the non-Bt samples tended to clump separately from the Bt samples in the late season period (circled for Narrabri 2010/11 and Boggabilla 2011/12 in Fig. 1 ), suggesting a strong difference in community composition of non-Bt and Bt samples.
In the communities collected in suction samples, there was also a clear split between early and late season samples (Fig. 2 ). At Kununurra, there was again a strong seasonal effect on the communities. In the 2011 season, samples were strongly clustered according to their sampling date, whereas in the 2012 season, earlier samples tended to be on the left of the ordination diagram and later samples on the right. There was no evidence of differentiation between communities found in non-Bt-cotton, Bollgard II, or Bollgard III (Fig. 2) .
In the Narrabri and Boggabilla suction samples, there was a clear split in community composition between samples collected early and late in the season. The split occurred in late January (Ϸ1,000 Ð1,200 DD). In the 2011/12 season, the split was again exacerbated by ßoods at both sites, and the spray application at Boggabilla. At Narrabri, there was no difference between the communities found in non-Bt-cotton, Bollgard II, or Bollgard III in either year. However, at Boggabilla in the late season, non-Bt-cotton samples tended to differentiate from Bollgard II and III samples, indicating that the communities diverged.
Direct Comparisons of the Assemblages of Non-Bt and Bt Crops. In Þve of the 10 sets of samples (beatsheet and suction samples from Þve experiments), the PRC showed a signiÞcant effect of crop type on species composition at the P ϭ 0.05 signiÞcance level (Table 2) . To avoid the risk of a type 1 error, the P values for each sample were compared with their modiÞed alpha values (Table 2; Figs. 3 and 4). From this comparison, four samples were still signiÞcant, indicating that there is a difference between community composition of the three crop types.
Beatsheet PRCs showed a signiÞcant effect of crop type on invertebrate community composition for Kununurra 2011, Narrabri 2010/11, and Boggabilla 2011/ 12, but not for Kununurra 2012 or Narrabri 2011/12 (Table 2 ; Fig. 3 ). The PRCs for Narrabri 2010/11 and Boggabilla 2011/12 communities showed that differences between non-Bt-cotton and Bollgard II and III crops increased as the season progressed, with Bollgard II and Bollgard III communities tracked closely together (Fig. 3) . While crop type tended to have an effect at Kununurra in 2011 (Table 2) , differences between Bt-and non-Bt-cotton were not consistent across the season, with Bollgard II and Bollgard III communities varying around the non-Bt crop (Fig. 3) .
Suction sample PRCs showed that crop type had a signiÞcant effect on community composition at Narrabri and Boggabilla in 2011/12 (Table 2; Fig. 4) . These experiments were both affected by ßooding mid-season, and at Boggabilla by a spray event. The signiÞcant PRCs showed that the differences between non-Btcotton and Bt-cotton (Bollgard II and Bollgard III) communities were most evident late season.
Across both beatsheet and suction samples, for the signiÞcant PRCs, the diagrams indicate that animals with positive species scores were more abundant in non-Bt crops, whereas those with negative scores were more abundant in Bt crops. In these PRCs, "Helicoverpa larvae" and "Other lepidopteran larvae" featured prominently in positive species scores (Figs. 3  and 4) .
Across all the experiments, the number of lepidopteran larvae sampled varied greatly. No correlation was found between the P value and the number of sampling events (SpearmanÕs rank correlation coefÞ-cient; correlation ϭ Ϫ0.2, t approx. ϭ Ϫ0.97, df ϭ 8, P ϭ 0.36). If the mean total number of lepidopteran larvae per sample event for a given experiment (Table  1) is compared with the P value for the signiÞcance of crop type for that experiment (Table 2) , across all experiments, there is a negative correlation between larvae number and P value (SpearmanÕs rank correlation coefÞcient; correlation ϭ Ϫ0.769, t approx. ϭ Ϫ3.4, df ϭ 8, P ϭ 0.009). Hence, experiments with higher numbers of lepidopteran larvae recorded tended to have lower (e.g., more signiÞcant) P values. Adding the data for two previous Australian studies (Whitehouse et al. 2005 and conÞrms the gen- erality of this relationship across years. Again, no correlation was found between the P value and the number of sampling events (SpearmanÕs rank correlation coefÞcient; correlation ϭ Ϫ0.31, t approx. ϭ Ϫ1.5, df ϭ 14, P ϭ 0.155), but there was a high correlation between P value and mean total number of lepidopteran larvae (SpearmanÕs rank correlation coefÞcient for all studies combined; correlation ϭ Ϫ0.758, t approx. ϭ Ϫ5.1, df ϭ 14, P Ͻ 0.001). Regression of P values against lepidopteran numbers, for all experiments, shows a signiÞcant nonlinear relationship (Fig. 5 ) (F 2,16 ϭ 14, P Ͻ 0.001, Fig. 5 ). In the current study, P values increased quickly (became less signiÞcant) once less than Ϸ10 lepidopteran larvae were found per sample event. 
Non-lepidopteran Species Assemblages of Non-Bt and Bt Crops. Beatsheet Experiments.
Further analysis of data sets with signiÞcant differences between crop types in the PRCs, by the omission of lepidopteran larvae, showed different trends. At Narrabri in 2010/11 and Boggabilla in 2011/12, the PRCs with and without lepidopteran larvae showed different trends for the Bt-cottons compared with the non-Bt-cotton (compare graphs in Fig. 3 with Fig. 6 ). In contrast, the PRCs for Kununurra 2011were similar whether or not lepidopteran larvae were omitted from the analysis, reßecting the low abundance of lepidopteran larvae (Table 1) .
In the Narrabri 2010/11 data set when lepidopteran larvae were omitted, the proportion of variance explained by crop type in the PRC declined from 8.5 to 3.4%, whereas the P value increased (P ϭ 0.002 to P ϭ 0.014; Table 2 ). In this analysis, the Bollgard II and III curves deviated most strongly from the non-Bt communities during ßowering and fruiting (1,000 Ð1,400 DD) (Fig. 6) . The Bollgard II curve is further away from the non-Bt curve than the Bollgard III curve, indicating that Bollgard II was more different from non-Bt-cotton than Bollgard III. Species more abundant in Bt-cotton were those that associated with ßow-ers (e.g., Carpophilus spp., pollen beetles; Oxycarenus luctuosus (Montrouzier), cotton seed bug; Thomisidae, ßower spiders), other pests (Nezara viridula (L.), green vegetable bug; Gryllidae, grasshoppers; Campylomma liebknechti (Girault), apple dimpling bugs; Thysanoptera, thrips), and predators (Micraspis frenta (Erichson), striped ladybird; Salticidae, jumping spiders; Cheiracanthium sp., yellow night stalkers; Lycosidae, wolf spiders; Araneidae, web builders). Species more abundant in non-Bt-cotton include other predators (Oxyopidae; lynx spiders, Theridiidae; tangle web spiders, Oechalia schellenbergii (Guerin-Meneville), predatory shield bug) and other pests (Cicadellidae; jassids).
In the Boggabilla 2011/12 analysis when lepidopteran larvae were omitted, the variance between crop types explained by the curves declined from 19.8 to 4.2%, whereas the P values rose (0.002Ð 0.01, Table 2 ). In this analysis, the values for the Bt-cotton crops varied above and below the non-Bt crop, so no species were more abundant in either Bt-or non-Bt-cotton (Fig. 6) . The species scores indicate that differences between Bt-cotton and non-Bt-cotton communities were driven by increased abundances of key species in Bt-cotton crops in Sample 3 (straight after the ßood and spray event) and another set of species in Sample 4.
Suction Sample Experiments. The initial species scores of lepidopteran larvae were very high in suction sample experiments that had PRCs showing a significant effect of crop type (Fig. 4) . Nevertheless, when these larvae were omitted from the analysis, the PRCs were almost identical (compare PRCs for Narrabri 2011/12 and Boggabilla 2011/12 in Fig. 4 with Fig. 7 ). In addition, the variance explained by crop type in the 5 . The relationship between number of lepidopteran larvae per sample event and the P values of community differences between crop types; in the current study and similar previous studies (Whitehouse et al. 2005 (Whitehouse et al. , 2007 . The more larvae, the stronger the difference between Bt and non-Bt.
PRC declined only slightly (6.1Ð5.1% at Narrabri 2011/ 12; 16.7Ð13.3% at Boggabilla 2011/12; Table 2 ).
When lepidopteran larvae were omitted from the Narrabri 2011/12 and Boggabilla 2011/12 analysis, the taxa more abundant in non-Bt crops were ßies (Heleomyzidae, Chloropidae; frit ßies, Ephydridae, Empididae; dagger ßies, Lauxamiidae, Drosophila sp.; vinegar ßies and Dolichopodidae; long legged ßies). At Narrabri 2011/12, taxa more abundant in Bt-crops included predators (Nabis kinbergii (Reuter), damsel bugs, Orius sp.; minute pirate bugs, Syrphidae; hoverßies), parasitoids (Braconidae), and beetles associated with ßowers (Carpophilus spp., pollen beetles).
At Boggabilla 2011/12, the only taxa more abundant in Bt-crops were Ceratopogonidae (biting midges).
Carpophilus spp. (pollen beetles) have prominent species scores in the signiÞcant Narrabri and Boggabilla experiments, but their association with Bt and non-Bt crops changes (Figs. 3 and 4) . In Narrabri 2010/11 beatsheet and 2011/12 suction samples, they are more abundant in Bt crops, whereas in Boggabilla 2011/12 beatsheet and suction samples, they are more abundant in non-Bt crops.
Comparing Assemblages in Bollgard III With Bollgard II. In all the signiÞcant PRC diagrams, Bollgard III tracked very closely with Bollgard II, indicating that the two crop types had a very similar effect on the invertebrate community. To establish if there were any differences between the Bt communities, due to the addition of Vip, further PRC analyses were undertaken that compared only Bollgard II and Bollgard III communities for the Þve set of samples that showed a trend or signiÞcant effect of crop type in Table 2 ( Fig. 8) . There was a signiÞcant difference between the PRCs for Bollgard II and Bollgard III in two of the Þve data sets (Narrabri beatsheet 2010/11 and Boggabilla suction sample 2011/12). In these two cases, both the variance explained (Narrabri beatsheet 2010/11 original variance explained by crop type Ð 8.5%, variance after omission of non-Bt Ð 3.6%; Boggabilla suction sample 2011/12 original variance explained by crop type Ð 16.7%, variance after omission of non-Bt Ð 4.3%) and the signiÞcance of the curves decreased drastically from the original analyses that included non-Bt-cotton as well (Narrabri beatsheet 2010/11 original signiÞcance Ð 0.002, signiÞcance after omission of non-Bt Ð 0.036%; Boggabilla suction sample 2011/12 original signiÞcance Ð 0.002, signiÞcance after omission of non-Bt Ð 0.02, Tables 2 and 3) .
Of the Bollgard II and III communities, the Bollgard III community tended to be more similar to the non-Bt community. For example, in the Boggabilla suction samples for 2011/12, the dipteran taxa were more abundant in Bollgard III (Fig. 8) and non-Bt-cotton (Fig. 4) than Bollgard II. Similarly, in the Narrabri beatsheet samples for 2010/11, the ßower beetle species were more abundant in Bollgard III (Fig. 8) and non-Bt-Cotton (Fig. 3) than in Bollgard II. However, when the communities of Bollgard II and III were directly compared, there was no consistent signiÞcant difference (Table 3 : modiÞed alpha value).
Individual Taxa Responses to Crop Type. Of the 81 species groups that inßuenced the PRCs in Figs. 3 and 4, 25 were too rare for further analysis, leaving 56 for analysis (Table 4) . Of the species groups tested, none of those from the Kununurra beatsheet samples were signiÞcantly inßuenced by crop type. In the beatsheet and suction samples from Narrabri and Boggabilla, lepidopteran larvae showed the largest difference in abundance between the non-Bt-and Bt-cotton (Table  4 ; Figs. 9 and 10 ) . In the beatsheet analysis, O. luctuosus, M. frenata, Salticidae, and N. viridula showed a preference for Bt crops, whereas Theridiidae and spiders (those not classiÞed to family) showed a preference for non-Bt crops (Table 4 ; Fig. 9 ).
The Diptera that had prominent species scores in suction samples also had distinctive abundance curves depending on crop type. The Diptera from the families of Heleomyzidae, Chloropidae, Drosophilidae, Culicidae, and Ephydridae and the hemipteran family of Aphidae were more common in the non-Bt-cotton. Only one species, the dipteran family of Chironomidae, was more common in the Bt crops and this was only a trend (P ϭ 0.022).
While the abundance of Cicadellidae was strongly affected by crop type, it was more associated with non-Bt and Bollgard III crops than Bollgard II crops, where it was signiÞcantly less common.
Carpophilus spp., which is associated with ßowers and prominent in species scores, was not signiÞcantly associated with either Bt or non-Bt crops, in beatsheets or suction samples (Table 4) . Diversity Indices. Only one experimental Þeld (Boggabilla 2011/12) showed any difference in diversity in the invertebrate communities of Bt-and nonBt-cotton. In the beatsheet samples, there was a signiÞcant difference in diversity by using only the ShannonÐWeaver index, which showed that although non-Bt-cotton had signiÞcantly more rare species than Bollgard III, its diversity did not signiÞcantly differ from that of Bollgard II (analysis of variance: ShannonÐWeaver index for: non-Bt-cotton Ð 1.66, Bollgard II Ð 1.58, Bollgard III Ð 1.43; lsd ϭ 0.11; F ϭ 14.5; P ϭ 0.005; df ϭ 2,114). In the suction sample, community diversity was signiÞcantly different when it was measured by using both the ShannonÐWeaver index and the Simpson index. For both indices, non-Bt-cotton was more diverse than both Bollgard II and III (anal- Using signiÞcant difference between the communities of Bollgard II and III crops. *, P values Ͻ 0.05. Fig. 8 . PRCs comparing Bollgard III with Bollgard II for the two data sets that showed a signiÞcant effect of crop type. ysis of variance: ShannonÐWeaver index for: non-Btcotton Ð 2.52, Bollgard II Ð 2.19, Bollgard III Ð 2.14; lsd ϭ 0.07; F ϭ 111.9; P Ͻ 0.001; df ϭ 2,90; Simpson index for: non-Bt-cotton Ð 2.35, Bollgard II Ð 2.03, Bollgard III Ð 2.00; lsd ϭ 0.15; F ϭ 19.9; P ϭ 0.002; df ϭ 2,90).
Plant Growth. The mean number of nodes on a plant and its height did not differ greatly between treatments (Table 5 and and Kununurra 2012 showed a signiÞcant difference in the number of nodes between crop types, with Bollgard II, in both cases, producing plants with more nodes (Table 5) . Similarly, for plant height, only two experiments, Narrabri 2010/11 and Boggabilla 2011/ 12, indicated there was a difference in plant height between the crop types. At Narrabri 2010/11, Bollgard II was tallest, whereas at Boggabilla 2011/12, non-Btcotton was tallest (Table 6 ). The crop type with the predicted highest abundance for each signiÞcant taxon is in bold for all taxa where P Ͻ 0.05.
Discussion
Indirect Comparison of Communities. The indirect DCA showed a strong seasonal inßuence in communities across each experiment, with communities in the early season generally clustering separately from those later in the season. The factors driving this are unclear but could be related to changes in plant structure and phenology (e.g., the presence of ßowers and bolls) that affect the cottonÕs suitability as a habitat and food resource (Wilson 1994) ; seasonal changes in the invertebrate communities related to temperature, life cycle, or migration from other areas (Gregg et al. 2001) , both local and distant; or changes in the availability and suitability of alternative hosts/habitat (Wilson and Morton 1993, Schellhorn and Silberbauer 2003) .
Indirect comparisons revealed strong differences between Bt and non-Bt crops in both the beatsheets and suction samples at only one site, Boggabilla 2011/ 12, and the differences were only late season. This site experienced a major ßood event, which caused signiÞcant water logging. Once the water had subsided, further growth of the Bt-cotton was limited (A.D. unpublished data) possibly due to high retention of bolls, which would compete strongly with the apical meristem for assimilate and hence further limit vegetative growth. In contrast, lower fruit load on the non-Bt-cotton, due to losses to Helicoverpa spp., probably meant that competition between fruit and the meristem was less intense and hence vegetative growth (including production of new fruit) continued, as indicated by the greater height of the non-Btcotton (Table 6 ). It is possible that this difference in growth could affect the communities present on the non-Bt-versus Bt-cotton crops, especially as the growing non-Bt-cotton would be attractive to Helicoverpa spp. compared with the senescent growth in the Btcotton (discussed later).
The Effect of Bt-Cotton on Cotton Communities. In Þve of the 10 data sets (beatsheets and suction samples from each of Þve experiments), there was a signiÞcant difference (at the 0.05 level) between the invertebrate communities of non-Bt-cotton with those of Bollgard II cotton (containing Cry 1Ac and Cry2Ab genes) and Bollgard III cotton (containing Cry 1Ac, Cry2Ab and VIP3A genes). In four of these samples, the signiÞcance value was lower than the conservative modiÞed alpha value, indicating that these differences were meaningful. . The relative abundances of species groups from beat sheet data sets, modeled by using smoothing splines. Only species groups where adding "crop type" signiÞcantly improved the model are shown (see Table 4 ).
The strongest effect of the Bt proteins on both beatsheet and suction sample communities was to reduce the number of lepidopteran larvae in Bt crops. This is to be expected, as Cry1Ac, Cry2Ab, and VIP proteins target lepidopterans (Estruch et al. 1996) . Lepidopteran numbers were strongly correlated with the degree to which the Bt and non-Bt communities differed in the PRC analyses (Fig. 5) . Only in those data sets with high abundance of lepidopteran larvae were there distinct differences in invertebrate communities between Bt-and nonBt-cotton (as indicated by low P values). In these data sets, the communities of non-Bt-and Bt-cotton diverged most clearly toward the end of the season when the abundance of lepidopteran larvae remained low in Bt-cotton but increased in non- Btcotton (e.g., see Figs. 3 and 4) . These Þndings are in agreement with previous Australian studies (Fig. 5 ) that compared non-Bt-cotton with Þrst-generation Bt-cotton containing only Cry1Ac genes and an intermediate non-commercial Bt-cotton containing Cry1Ac and Cry 2Aa (Whitehouse et al. 2005) or containing only VIP genes (Whitehouse et al. 2007 ). Correlation does not indicate cause and effect, but it does indicate strong linkages, and suggests that invertebrate communities in non-Bt and Bt-cotton would not diverge strongly when lepidopteran pressure is low. . The relative abundances of species groups in suction sample data sets, modeled by using smoothing splines. Only species groups where adding "crop type" signiÞcantly improved the model are shown (see Table 4 ). The Effect of Bt-Cotton on Non-lepidopteran Species Assemblages. The correlation between Helicoverpa abundance and signiÞcance of the difference between invertebrate communities in Bt-and non-Btcotton raises the question: what is driving these differences? Do they simply reßect 1) differences in the abundance of lepidopteran larvae, per se; or are they due to other factors linked to 2) the toxicity of the proteins to other species whose abundance follows a similar pattern to that of lepidopteran larvae; 3) changes in abundance of herbivores in direct competition with lepidopteran larvae; 4) changes to the functional groups of the food web directly inßuenced by lepidopterans, including predators, parasitoids, but particularly decomposers and consumers of larval frass and plant decay caused by larval feeding; or 5) changes to the functional groups of the food web that are linked to changes in cotton plant phenology or fruit production, caused by the response of the cotton plants to the presence or absence of larvae (and therefore indirectly inßuenced by the presence of larvae).
We reran the PRC analysis omitting lepidopteran larvae to further understand how higher lepidopteran larval abundance is correlated with differences between invertebrates in Bt-and non-Bt-cotton communities. If a change in the number of Lepidoptera was the only difference between the Bt and non-Bt communities, then removing them from the analysis would remove any differences in community composition (Option 1).
Beatsheets. The three beatsheet data sets that originally showed differences between Bt-and non-Btcotton (Kununurra 2011, Narrabri 2010/11, and Boggabilla 2011/12) still showed differences between Bt-and non-Bt-cotton when lepidopteran larvae were removed from the PRC analysis.
At Kununurra, the statistical signiÞcance of the PRCs did not change with the removal of Lepidoptera and the proportion of variability explained by crop type declined only slightly (4.6 Ð3.9%). This suggests that differences in the invertebrate communities between Bt-and non-Bt-cotton at Kununurra were not related directly to the abundance of lepidopteran larvae (Option 1). This is perhaps not surprising, given that the abundance of lepidopteran larvae at Kununurra was low, and the signiÞcance of the curves was marginal (P ϭ 0.048). At Kununurra, the invertebrate community in the Bollgard II and Bollgard III cotton crops tracked seasonal changes more strongly than the non-Bt crop. This suggests that crop phenology, such as the production of ßowers and bolls, was driving this system. Thus community changes captured by Kununurra beatsheet experiments reßected Option 5 changes to the cotton plant food web caused by changes in crop phenology.
At Narrabri 2010/11 and Boggabilla 2011/12, the P values for the effect of crop type in the beatsheet surveys increased substantially (became less signiÞ-cant) and the amount of variance in the community explained by crop type decreased substantially (Tables 2 and 3) when lepidopteran larvae were omitted from the PRC analysis. These two beatsheet data sets tended to have higher abundance of lepidopteran larvae than the other beatsheet data sets. Hence, a large part of the difference in the invertebrate communities between Bt-and non-Bt-cotton was due to the higher abundance of lepidopteran larvae in non-Bt-cotton per se (Option 1). Further, the shape of the PRCs for the Bt-cottons, after omission of lepidopteran larvae, did not follow the same curve in relationship to nonBt-cotton as when lepidopteran larvae were included. This suggests that changes in the nonlepidopteran community were not directly tracking changes in lepidopteran larval numbers, which increased through the season (Fig. 6) . Instead, the changes most likely reßect changes in the cotton plant food web caused by removing lepidopteran foragers (Option 5). At Narrabri 2010/11, the PRCs showed the greatest difference between the nonlepidopteran invertebrate communities of Bt crops and non-Bt crops was at peak ßower, when there would be signiÞcant differences in abundance of fruiting structures between the Bt crops (more structures) and non-Bt crops (less structures) due to lepidopteran feeding damage (Betz et al. 2000) . This is reßected in higher abundance of species associated with squares, ßowers, and young bolls, such as Carpophilus spp., C. liebnechti, and N. viridula, respectively, in the Bt-cotton during this period.
At Boggabilla 2011/12, the PRCs of Bt-cotton varied around the non-Bt crop, indicating that the invertebrate community of Bt-cotton showed greater seasonal responses than the non-Bt-cotton. For example, the Bt-cotton PRC curves were largely driven by ßower-associated invertebrates (e.g., the pollen beetle Carpophilus spp.) in the 1400 DD sample, but by the 1600 DD sample, invertebrates associated with open bolls (e.g., the cotton seed bug, O. luctuosus) were more prominent. The fact that the pollen beetle, while prominent in the PRCs, was not consistently associated with Bt-cotton reßects that its abundance is directly linked to ßowers (it is found only in ßowers on cotton plants) and moves during the season in response to the number of ßowers present in a crop. Hence, the abundance of pollen beetles in Bt-cotton at 1400 DD may reßect the early cessation of growth and hence of ßowering also in Bt-cottons. At later dates, the non-Bt-cotton continued to grow and ßower (discussed earlier) and was then attractive to the pollen beetle, hence this species is not consistently associated with Bt-or non-Bt-cotton. At the same time, the Bt-cotton had matured and begun to have open bolls attractive to the cotton seed bug. Thus changes in niche differentiation between Bt-and non-Bt-cotton resulted in changes in community composition. The PRCs of communities at both Narrabri and Boggabilla showed little change in the abundance of herbivores in direct competition with Helicoverpa (Option 3), indicating that models based on the neutral theory (where any organism in a community could be replaced by another species performing the same role, Hubbell 2001) in the time frame of one season did not play a strong role in this study.
Suction Samples. In the suction sample data sets where there were signiÞcant differences between PRCs for Bt-and non-Bt-cotton, Narrabri 2011/12 and Boggabilla 2011/12, the signiÞcance of the curves, the shape of the curves, or the amount of variance explained by the curves did not change when lepidopteran larvae were omitted from the analysis. This result contrasts with the results for the beatsheets and reßects differences in the fauna sampled between suction samplers and beatsheets. Suction samples provide more detail on the abundance of small dipteran and hymenopteran species than beatsheets. Hence even though lepidopteran larvae were omitted, the shape of the PRCs and the difference between Bt-and non-Bt-cotton were maintained by high numbers of Diptera in the non-Bt community. These ßies appear to be part of the decomposition food web (see later section) associated with lepidopteran larvae (Option 4). They were probably associated with decaying plant material and insect frass caused by feeding lepidopteran larvae that would occur in non-Bt-cotton, but much less so in Bt-cotton. As the abundance of these ßies on non-Bt-cotton was probably proportional to the abundance of lepidopteran larvae via the damage these pests caused, omitting lepidopteran larvae from the analysis would not change the shape of the PRC. While a direct affect of Bt toxins on the ßies (Option 2) cannot be ruled out by this study, the community changes captured by suction sample experiments suggest that the ßy abundances are responding to habitat modiÞcation caused directly by lepidopterans (Option 4).
Individual Taxa Responses to Crop Type. The direct PRC analysis showed signiÞcant differences between Bt and non-Bt-cotton in Þve of the 10 data sets. In each of these data sets, taxa with prominent species scores are likely to be most affected by changes in crop type. To further understand these differences, an analysis using smoothing splines was done for these data sets (Table 4 ; Figs. 9 and 10).
In the beatsheets, differences between Bt-and nonBt-cotton invertebrate communities were largely driven by changes in the abundance of lepidopteran larvae and this is conÞrmed in the spline analysis (Table 4) . Among the other taxa, there were only a few that showed consistent trends toward either Bt-or non-Bt-cottons. The taxa that showed signiÞcant differences between crop types in the spline analysis were several generalist predators and some pests. These included several spider families, some of which were more common in Bt-cotton, whereas others were more common in non-Bt-cotton. Such differences might be explained by variations in prey preferences. For example, Theridiidae (tangle web spiders) and "other" spiders tended to be more common in non-Bt-cotton. This may reßect the higher population of smaller mobile prey that theridiids could capture in webs; for instance, the many small dipteran species that were far more abundant in non-Bt-cotton. The Salticidae (jumping spiders) in contrast were more common in Bt-cotton. Salticids hunt prey, such as sucking bugs like N. viridula and other Hemiptera, which tended to be more common in Bt-cotton. A predator of particular interest is the damsel bug (N. kinbergii). In previous reports (Daly and Buntin 2005, Whitehouse et al. 2005) , this species was associated with non-Bt crops. In this study, damsel bugs showed no preference. The reason for the shift is unclear, but probably relates to the abundance of prey species targeted by this species.
In the suction samples, changes in the abundance of small dipterans largely caused PRCs of Bt-and nonBt-cotton to deviate. The Chloropidae, Drosophilidae, Heleomyzidae, Chironomidae, Culicidae, and Ephydridae were all more associated with non-Bt-cotton. The Chloropidae have previously been reported to be more abundant in non-Bt compared with Bt-cotton (Whitehouse et al. 2005) . The larvae of Chloropidae (frit ßies) feed on a diverse range of biota including decaying vegetative matter, the eggs of other insects and spiders, beneath the skins of frogs, as parasites of Hymenoptera, and some are pests of cereals and turf grasses (Spencer 1986 ). Many of the other Diptera have life histories associated with decaying matter, such as Drosophila, whose larvae feed on rotting fruit. The larvae of the ßy Heleomyzidae are likely to be saprophagous (Gilbert and Wheeler 2007) or feed on fungi (Uffen and Chandler 1978, Garcia-Montero et al. 2004) , whereas those of Chironomidae can be found in almost any aquatic or semiaquatic habitat, including dung or fungi. (Frouz et al. 2003) . Ephydridae are also associated with water and many adults feed by lapping wet surfaces (Williams 1938) . Their larvae are phytophagous and some are crop pests (Hesler 1995) , whereas others are associated with sewage Þlter beds and septic tanks (Scheiring and Foote 1973) . Many Ephydridae larvae feed by consuming decaying plant tissues (Williams 1938) . The destructive feeding behavior of lepidopteran larvae would result in more frass and damaged and decaying squares and bolls that make a more suitable habitat for these dipteran species than a Bt crop with less caterpillar damage.
Other taxa that tended to be more common in suction samples from non-Bt crops included aphids, Aleyrodidae (whiteßy), and jassids (Cicadellidae). Why these insects are more common on non-Bt-cotton is unclear, although they may reßect prolonged vegetative growth of non-Bt-cotton due to damage. Jassids were almost equally as common on Bollgard III crops as non-Bt crops ( Table 4 ), suggesting that their abundance was not directly linked to Bt crops per se.
Comparing Bollgard II Communities With Those of Bollgard III. The analyses showed that there was little difference between the invertebrate communities found in Bollgard II and Bollgard III in comparison with non-Bt-cotton. When the communities of Bollgard II and III were directly compared, there was a trend for communities to differ in two data sets (beatsheets Narrabri 2010/11 and suction samples Boggabilla 2011/12). However, when corrected alpha values were used, there was no signiÞcant difference between Bollgard II and III. These results demonstrate that the inclusion of the Vip gene does not drastically alter the effect of Bt-cotton on the invertebrate community of cotton.
Significance of the Findings. Cry and Vip proteins in cotton are aimed at controlling key lepidopteran pests, particularly Noctuidids. This work supports the efÞcacy of Cry and Vip proteins in Australian cotton. In addition, there was little difference between the invertebrate communities of Bollgard II and Bollgard III cotton. If anything, the communities in Bollgard III cotton tended to be more similar to non-Bt-cotton communities than Bollgard II cotton, despite the presence of the Vip3A gene in the Bollgard III cotton.
Nevertheless, there were some differences between non-Bt-cotton and Bt-cotton communities, driven at least in part by the effect of lepidopteran abundance on resources used by elements of the species assemblage. As a resource (either as prey or through their waste and damage), increasing Lepidopteran abundance had a direct, bottom-up inßuence resulting in an increase in the abundance of species using these resources. In contrast, through their effects on habitat (the destruction of fruit), increasing lepidopteran abundance resulted in a loss of habitat and decline in abundance of those species using ßowers and bolls.
While lepidopteran larvae in these experiments were associated with changes in invertebrate communities, the sudden switch from no signiÞcant difference between Bt-and non-Bt-cotton communities to highly signiÞcant differences as lepidopteran numbers increased suggests that the Lepidoptera need to reach a critical level before a shift in parts of the species assemblage is triggered. Reasons for the "switch" are unclear but may be related to a number of factors, including the interaction between Lepidopteran (ϭHelicoverpa) feeding rate and the crops fruit production rate, attractiveness of volatiles or other compounds released by feeding, fruit or decaying plant matter, or other factors, and could be the subject of further investigation.
